Despite their central role in multicellular organization, navigation rules that dictate cell rearrangement 15 remain much to be elucidated. Contact between neighboring cells and diffusive attractant molecules 16 are two of the major determinants of tissue-level patterning, however in most cases, molecular and 17 developmental complexity hinders one from decoding the exact governing rules of individual cell 18 movement. A primordial example of tissue patterning by cell rearrangement is found in the social 19 amoeba Dictyostelium discoideum where the organizing center or the 'tip' self-organize as a result of 20 sorting of differentiating prestalk and prespore cells. Due to its relatively simple and conditional 21 multicellularity, the system provides a rare case where the process can be fully dissected into individual 22
cell behavior. By employing microfluidics and microsphere-based manipulation of navigational cues 23 at the single-cell level, here we uncovered a previously overlooked mode of Dictyostelium cell 24 migration that is strictly directed by cell-cell contact. The cell-cell contact signal is mediated by E-25 set Ig-like domain containing heterophilic adhesion molecules TgrB1/TgrC1 that act in trans to induce 26 plasma membrane recruitment of SCAR complex and formation of dendritic actin networks, and the 27 resulting cell protrusion competes with those induced by chemoattractant cAMP. Furthermore, we 28 demonstrate that both prestalk and prespore cells can protrude towards the contact signal as well as to 29 chemotax towards cAMP, however when given both signals, prestalk cells orient towards the 30 chemoattractant whereas prespore cells choose the contact signal. These data suggest a new model 31 of cell sorting by competing juxtacrine and diffusive cues each with potential to drive its own mode 32 of collective cell migration. The present findings not only resolve the long standing question of how 33 cells sort in Dictyostelium but also cast light on the remarkable parallels in collective cell migration 34 that evolved independently in metazoa and amoebozoa. One of the fundamental processes that underlie tissue patterning is spatial rearrangement and 3 repositioning of cells according to their cell-types [1] [2] [3] . In vitro studies have demonstrated wide 4 occurrence of cell-type dependent segregation in the mixture of cells dissociated from different tissues 5 [4] [5] [6] . Such cell segregation has traditionally been explained based on differences in cell-cell adhesion 6 force and surface tension in analogy to phase separation e.g. of oil and water where membrane 7 fluctuations would drive rearrangement of relative positions of cells so as to minimize total free energy. 8 Quantitative measurements in conjunction with mathematical modeling have successfully provided 9 qualitatively accurate predictions of in vitro sorting patterns [7, 8] . While such view of cell 10 segregation does seem to hold for in vitro systems, the extent of their contribution in vivo remains to 11 be questioned. In many cases, such a stochastically driven process appear not to hold, as cells are 12 migratory [9, 10] , and segregation occurs rapidly without being trapped in metastable states. In 13 primitive streak of chick embryo and limb bud, directed migration is the primary driving force of 14 morphogenesis [11, 12] . In zebrafish gastrulation, internalization of mesendoderm cells require Rac 15 dependent directed cell migration [9] . These examples point to importance of specific directional 16 cues and migration in cell segregation, however the exact navigational rules at the single-cell level and 17 their linkage to the resulting tissue patterns are still largely undeciphered. 18 In the social amoeba Dictyostelium discoideum, upwards of 100,000 cells aggregate by chemotaxis 19 to self-generated waves of extracellular cAMP [13] [14] [15] [16] [17] to form a multicellular mound. In the mound, 20 cells differentiate into either prespore or prestalk cells that initially appear at random positions before 21 being segregated to form a distinct prestalk tip region [3, 18, 19 ] -an organizing center that sits on top 22 of a prespore cell mass (Fig. 1A ). During this process, cAMP waves cease ( Fig. S1A and B) , prespore 23 cells migrate radially while prestalk cells exhibit a combination of radial and centripetal movement 24 toward the apical region ( Fig. 1B) . Several lines of evidence suggest importance of chemotaxis to 25 extracellular cAMP in cell segregation [20] [21] [22] . A gradient of extracellular cAMP formed by a glass 26 needle in a mound can direct prestalk cell migration [22] , and over-expression of cAMP-specific 27 phosphodiesterase (PDE) suppresses tip formation [20] . On the other hand, heterophilic adhesion 28 molecules TgrB1 and TgrC1 [23, 24] are also essential for tip formation [25] . Knock-out mutant of 29 TgrC1 exhibits motility defects [26] as well as loss of developmental gene expression [25, 27] . 30 Moreover, application of antibody against TgrC1 to regenerating mounds suppresses prestalk/prespore 31 segregation [28] . TgrB1 and TgrC1 are also known for their polymorphism, which results in kin 32 discriminatory segregation during aggregation [24, 29, 30] . These lines of evidence suggest requirement 33 for extracellular cAMP and TgrB1/C1 for tip formation, however how they dictate the cell segregation 34 process remains to be resolved [3, 31] . Results 1 Navigational cues for Dictyostelium cell migration. To study how cell migration are being directed 2 in the mound, we analyzed the effect of interfering with extracellular cAMP and TgrB1/C1. In order 3 to circumvent developmental effects due to requirement of TgrB1/C1 on cell differentiation[25], we 4 took advantage of the fact that the process is entirely self-organizing; i.e. it can be recapitulated by 5 fully differentiated prestalk and prespore cells after dissociation [32] . Dissociated cells immediately 6 began emitting cAMP waves, reaggregated and formed tips as cAMP waves ceased ( Fig. 1C -E; Movie 7 S1). When regenerating mounds were immersed in purified TgrB1 ext (Fig. S1C-F) , cAMP wave 8 propagation did not stop, and cells moved in highly-coordinated scrolling motion at least for the 9 duration of our observation (Fig. 1F,G) . Prestalk and prespore cells moved similarly and did not 10 segregate (Fig. 1C , +TgrB1 ext ; Movie S1). When exposed to cAMP-specific phosphodiesterase 11 (PDE) to attenuate extracellular cAMP, mounds became spherical, and the cells continued to migrate 12 radially as the entire cell mass moved like a rolling ball ( Fig. 1C , +PDE; Movie S1). Prestalk cells 13 sorted out to the periphery but never collected to form the apical tip ( Fig. 1C, +PDE; Fig. S1G ). The 14 rotational movement was not correlated with a few passages of residual waves ( Fig. 1H ,I) suggesting 15 that cell migration, despite being highly coordinated, was not chemotactically oriented. When both 16 purified TgrB1 ext and PDE were applied, prestalk cells were completely stalled while prespore cells 17 retained some movement but were less coordinated (Fig. 1C , +TgrB1 ext /+PDE; Movie S1). These 18 observations indicate that, in addition to chemotaxis towards cAMP, there is an additional guidance 19 cue mediated by cell-cell contact that directs collective cell movement. 20 To clarify the basic rule of cell movement, we analyzed migration of cells immediately prior 21 to prestalk/prespore diversification ('streaming-stage' cells; see Methods) using a microfluidic 22 gradient chamber ( Fig. S2A,B ). While moving towards the cAMP source, cells made head-to-tail 23 contacts and formed trains ( Fig. 2A ; Movie S2). At low loading densities, most cell trains were short; 24 many consisted of 2 cells (Fig. 2B ). In both 2-cell and longer cell trains, leader cells formed lateral 25 pseudopods and exerted exploratory trajectories similar to solitary migration, whereas those that 26 followed were elongated, monopodal and moved ballistically ( Fig. 2E ; Movie S3). Given that the cells were treated here with adenylyl 32 cyclase inhibitor SQ22536 [16, 33] to suppress cAMP synthesis, these observations suggest that in 33 addition to chemotaxis to cAMP required for the formation of cell streams [34] , there may be an 34 alternative mode of navigation that depends on cell-cell contact. further analyzed by studying binary mixtures of WT, tgrB1and tgrC1 -. We found that in cells that 31 follow tgrC1 -, F-actin formation failed to become persistent ( Fig. 3A,B ; Fig. S6A,B ). The pair-wise 32 frequency of the contact itself was also low when cells being followed were tgrC1or when the 33 following cells were tgrB1 - (Fig. 3C ), which is consistent with a recent study [30] suggesting that Single-cell level response to navigational cues. It has been hypothesized that prestalk cells sort to 25 the tip by migrating fast and winning the chemotaxis race against prespore cells [21, 31] . When 26 assayed at the single-cell level, however, prespore cells migrated faster than prestalk cells in a 0-1 µM 27 cAMP linear gradient ( Fig. 4A ). Similar results were obtained from tracking well-isolated 28 dissociated cells in the initial phase of reaggregation mitigated of contact signal by TgrB1 ext (Fig. 4B ). 4F,G; Movie S10). The results indicate that prestalk and prespore can be oriented by cAMP and 38 6 TgrB1/C1, however when both signals are presented, there is a dominance as to which directs their 1 leading edge. Prestalk cells prioritize response to cAMP and thus are chemotactically navigated, 2 whereas prespore cells favor TgrB1/C1 and are navigated by cell-cell contact. Taken together with 3 the results demonstrating requirements for two cues TgrC1 and cAMP for tip formation (Fig. 1C-H) , 4 the radial trajectories and the head-to-tail alignment of prespore cells is best explained by the Tgr-5 mediated navigation, whereas prestalk cells deviate from the contact-mediated collective migration 6 and chemotax to extracellular cAMP ( Fig. 4H ). requisites for strong cell polarity in migrating cells. 27 Our results indicate that TgrB1/C1 has cell-type specific effect on cell polarity. It is essential for 28 prestalk/prespore segregation as evidenced by well-mixed distribution of cells in a mound when 29 contact signal was interfered with purified TgrB1 ext (Fig. 1C ). While sorting of prestalk cells to the 30 peripheral of the mound in the presence of PDE can be due to prestalk cells possibly being weakly 31 cohesive [44] , our data suggest that it accompanies their lesser ability to become monopodal and thus 32 migrate directionally by contact. We should note that Myosin II accumulation at the plasma 33 membrane has been shown to be stronger in prestalk cells than in prespore cells within a slug [45] , and 34 a null-mutant of myosin regulatory chain fails to form the mound tip [19] . Future studies are needed 35 to clarify the molecular basis of cell polarity difference in prespore and prestalk cells. 36 The mechanism of collective migration in Dictyostelium uncovered in this study is in striking 37 contrast to that of the neural crest cells. There, cell-cell contact signal mediated by Cadherin activates 38 RhoA, inhibits protrusion and facilitate cell repulsion [46] . On the other hand, migration towards self-1 secreted chemoattractant C3a keep neural crest cells together [47, 48] . In Dictyostelium, cell-cell 2 contact mediated by TgrB1/C1 promotes protrusion, and chemotaxis rather is disruptive to otherwise 3 more tightly packed cell mass as evidenced by mounds becoming spherical in the absence of the 4 chemotactic cue. The present findings raise many open questions for future works. Besides 5 prestalk segregation, the migratory mechanism may be relevant to Dictyostelium slug migration, 6 culmination as well as kin-discriminatory segregation [24, 29] . Also of note is a striking evolutionary 7 convergence of collective cell migration, despite no homologues of TgrB1/C1 exist in metazoans. 8 Are there parallelisms to Protocadherin-dependent SCAR complex recruitment and enhancement of 9 migration in cultured cells [49] or similar enhancement of F-actin by atypical cadherin in rotating observation channel was approximately 4-5 µm for the gradient chamber ( Fig. S2A and S4A) , 4 µm 35 for the low ceiling chamber for multicellular observations (Fig. S7B) . The mask was placed on top 1 of a SU-8 coated wafer and UV-irradiated using a mask aligner (MA-20, Mikasa, Japan). The cured 2 SU-8 was used as a mold to fabricate PDMS. Glass cover slips (No. 1 or 1S, 24 ´ 60 mm or 50 ´ 60 3 mm, Matsunami) were washed in four steps using basic detergent, ethanol, NaOH solution, then rinsed 4 in milli-Q water. Washed cover slips were dried at 140°C in a sterilization oven. The cover slips 5 and fabricated PDMS were treated with air plasma, bonded and heated at 75°C for 1 hr. For data in Fig. 3E, 4F -G, an inverted microscope IX81 (Olympus) equipped with a multi-scan laser 5 confocal unit CSU-X1 (Yokogawa) with EMCCD camera (Evolve512, Photometrics) was used. For 6 data in Fig. 1C-I, 3D , 3F, and Fig. S1A-B , S6C-D, an inverted microscope IX83 (Olympus) equipped 7 with CSU-W1 with a EMCCD camera (iXon 888, Andor) was used. 445 nm, 488 nm and 561 nm 8 lasers were used for excitation, and fluorescence images were obtained by appropriate filters. Piezo 9 z-stages were used for z-sectional imaging. Live-cell imaging was performed at 22°C. All images 10 were stored as TIFF files and analyzed using homemade programs in ImageJ and MATLAB 11 (Mathworks).
12
To obtain relative changes in the cytosolic cAMP level (Fig. 1D,F,H Duration of F-actin enrichment at the cell-cell interface (Fig. 3A,B, Fig. S6A,B) was measured 29 based on the appearance of strong F-actin accumulation especially near the periphery of cell-cell 30 contact. For the statistics of cell-cell contact, cells in contact for longer than 2 minutes were counted. 31 For the analysis of head-to-tail pairing in binary cell mixtures (Fig. 3C) , relative positioning of cell-32 types within cell trains were identified and counted manually based on the fluorescent labels. 33 Frequency of pairing was corrected by total detected cell number of each mixed strain to eliminate the 34 cell number bias. Cells attached to vegetative cells or a microsphere (Fig. 3D, Fig. 4D, Fig. S6E ) 35 was identified as polarized if the elongated shape at the cell-cell or cell-bead contact region lasted for 1 more than 10 minutes. Protrusive structures from the lateral side of polarized cells that lasted at least 2 18 sec were counted as lateral pseudopods (Fig. 4E ). His6-2H3term or pA15-tgrC1 ext -His6-2H3term were designed to secrete extracellular domain of TgrB1 7 and TgrC1, respectively (Fig. S1C) . To verify secretion of recombinant proteins, TgrB1 ext and 8 TgrC1 ext were extracted from growth medium by His Mag Sepharose excel (GE healthcare, 21) according to the manufacturer's protocol. The expected 150 kDa band was confirmed by SDS-10 PAGE and western blot using a 6xHis monoclonal antibody (MBL, D291-3) (Fig. S1D) . For lab-11 scale production, the cells were grown shaken in modified HL5 medium for 2 days until they reached 12 approximately 1 ´ 10 7 cells/mL. The typical working volume was 660 mL split into two 1 L flasks. 13 The medium was separated from the cells by centrifugation and passed through a syringe filter ( small residues typically of 30 µm height. 1 ´ 10 6 mechanically dissociated cells were pelleted by 1 centrifugation, then resuspended in 10 µL of PB or 1 unit/mL PDE or 1 mg/mL TgrB1 or 1% BSA.
2 Cells were spread on a thin agar film using a pipette tip with care not to touch the agar, and allowed to 3 settle for 10 minutes. A wet Kimwipe was included in the glass bottom dish, and the lid was closed 4 during observation to avoid sample from drying. The data that support the findings of this study are available from the corresponding author upon 10 request. 
